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RNA polymerases of cyanobacteria contain a novel core subunit, vy, which is absent from the RNA
polymerases of other eubacteria. The genes encoding the three largest subunits of RNA polymerase, including
v, have been isolated from the cyanobacterium Anabaena sp. strain PCC 7120. The genes are linked in the
order rpoB, rpoC1, rpoC2 and encode the 3, v, and B’ subunits, respectively. These genes are analogous to the
rpoBC operon of Escherichia coli, but the functions of rpoC have been split in Anabaena between two genes,
rpoCl and rpoC2. The DNA sequence of the rpoCI gene was determined and shows that the y subunit
corresponds to the amino-terminal half of the E. coli B’ subunit. The y protein contains several conserved
domains found in the largest subunits of all bacterial and eukaryotic RNA polymerases, including a potential
zinc finger motif. The spliced rpoC1 gene from spinach chloroplast DNA was expressed in E. coli and shown
to encode a protein immunologically related to Anabaena vy. The similarities in the RNA polymerase gene
products and gene organizations between cyanobacteria and chloroplasts support the cyanobacterial origin of
chloroplasts and a divergent evolutionary pathway among eubacteria.

RNA polymerase in prokaryotes generally consists of a
catalytic core of four subunits (BB'a,) and a dissociable
sigma factor, which confers promoter specificity (7, 16, 44).
The basic structure of the enzyme was believed to be the
same in all eubacteria until the RNA polymerase of the
filamentous cyanobacterium Anabaena sp. strain PCC 7120
was purified (37). The cyanobacterial core RNA polymerase
was found to contain, in addition to a 8, a ', and two o’s, a
novel core subunit of 70 kDa designated vy, which is absent
from the RNA polymerases of other eubacteria. Western
immunoblotting with antiserum to y has shown that a sero-
logically related y protein is present in over 30 different
cyanobacteria, representing the five major taxonomic sub-
groups (4a, 36). Thus, the vy subunit is a common feature of
cyanobacterial RNA polymerases.

Anti-y serum cross-reacts with the Escherichia coli B’
subunit protein, suggesting homology between these sub-
units (36). A region of DN A homologous to part of the E. coli
gene encoding B’ (rpoC) has been isolated from another
cyanobacterium, Nostoc commune UTEX 584 (47). Se-
quencing of this region showed that homology to E. coli
rpoC is split between two linked genes, rpoC1I and rpoC2, in
the Nostoc DNA (47). The DNAs of several plant chloro-
plasts have likewise been found to contain regions of se-
quence homology with E. coli rpoC (19, 20, 30, 38, 39). In
chloroplasts, the blocks of homology are also distributed
between two genes, rpoCI and rpoC2. These genes are
linked and are thought to encode the B’ and " subunits of
chloroplast RNA polymerase, respectively.

The exact subunit composition of chloroplast RNA poly-
merase is unclear. Spinach chloroplast RNA polymerase
was found to contain seven prominent polypeptides, some of
which were serologically related to subunits of the E. coli
RNA polymerase (26). DNA sequences potentially encoding
protein equivalents to the E. coli o and B subunits (rpoA and
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rpoB) have been found in chloroplast genomes, in addition to
the rpoC homologs (19, 20, 30, 39, 40). In a few cases, these
genes have been shown to be expressed in chloroplasts. The
protein product of the rpoA gene has been identified in maize
and pea chloroplasts (33, 34). Polypeptides corresponding to
the rpoB and rpoC2 genes have also been found in purified
preparations of maize chloroplast RNA polymerase (18).
The presence of RNA transcripts from the rpoBCIC2 genes
in spinach chloroplasts has been demonstrated (19), but the
protein products of these genes have not yet been identified.
In this report, we present evidence that the spinach chloro-
plast rpoC1 gene encodes a protein immunologically related
to the Anabaena vy subunit.

In this study, we have isolated the complete rpoBCIC2
region from Anabaena sp. strain PCC 7120 and shown that it
encodes the B, vy, and B’ subunits of RNA polymerase. We
have determined the DNA sequence of the rpoCI gene,
encoding v, in order to examine the function of vy and its
relationship to other RNA polymerase subunit proteins. We
compare the sequence of the Anabaena vy subunit with the g’
subunit of chloroplast and other bacterial RN A polymerases
and discuss how these results provide evidence for the
divergence of cyanobacteria and chloroplasts from the eu-
bacterial lineage.

MATERIALS AND METHODS

Bacterial strains, plasmids, and phages. Strains, plasmids,
and phages are listed in Table 1 along with the respective
sources or references.

Isolation of Anabaena sp. strain PCC 7120 RNA polymerase
genes. The 2.8- and 2.3-kb EcoRI fragments containing parts
of the E. coli rpoB and rpoC genes, respectively, were
isolated from pGB218 (2), which was a gift from C. Squires.
The fragments were labeled with [a-3?P]JdCTP (3,000 Ci/
mmol; New England Nuclear) by the random priming
method (11) and used to probe a Southern blot of Anabaena
sp. strain PCC 7120 chromosomal DNA digested with vari-
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TABLE 1. Bacterial strains, plasmids, and phages

Strain or plasmid

Relevant characteristics

Source or reference

E. coli

MC1061 Propagation of plasmids _ 6

BL21(DE3)pLysS IPTG-inducible expression of cloned genes directed by T7 RNA polymerase 42

TG1 Propagation of M13 phage Amersham

DHS5a Host for pUC plasmids Bethesda Research

Laboratories
Plasmids and phages
pGB218 pBR322 derivative, contains E. coli rpoBC genes 2
pBR328 Cloning vector; Amp" Tet" Cam” Boehringer Mannheim
Biochemicals

pKH100 pBR328 + 1.3-kb HindIII-EcoRI fragment of rpoB from Anabaena sp. strain This work
PCC 7120

pWB79 Cosmid vector used for Anabaena DNA libraries; Amp" 5

pID9 Cosmid pWB79 with 35-kb insert including the rpoBCIC2 region from This work
Anabaena sp. strain PCC 7120

pT7tetl8 and -19 Vectors for expression of genes by T7 RNA polymerase; contain a T7 promoter 4
upstream of multiple cloning site; Tet"

pT181 pT7tet18 + 11.4-kb Xbal fragment containing the Anabaena rpoBCI1C2 region; This work
forward orientation

pT182 pT7tetl8 + 11.4-kb Xbal fragment; reverse orientation This work

pT195 pT7tetl9 + 2.8-kb HindIII-Kpnl fragment containing the Anabaena rpoCl gene; This work
forward orientation

pT185 pT7tetl8 + 2.8-kb HindIlI-Kpnl fragment; reverse orientation This work

pUC18 and -19 Vector for subcloning and sequencing; Amp® 48

pSocS4 Spinach chloroplast Sall fragment 4 in pUCS; contains rpoBCIC2 region 19

pUC1928 pUC19 + 2.8-kb HindIII-Scal fragment from pSocS4; spinach chloroplast This work
rpoCl1 gene

pUC1921 pUC19 + 2.1-kb HindIII-Kpnl fragment from mp1921; chloroplast rpoC1 gene This work
with intron deleted

M13mp19 Vector used for oligonucleotide-directed mutagenesis 48

mp1928 M13mpl9 + 2.8-kb HindIIl-Scal fragment with rpoCI gene from spinach This work
chloroplast

mpl921 mp1928 with intron deleted This work

pATH3 Vector for making trpE gene fusions; Amp" 23

pATH301 pATH3 + 2.1-kb Xmnl-Kpnl fragment; trpE fusion with Anabaena rpoCl1 This work

pATH302 pATH3 + 2.1-kb Clal-Kpnl fragment from pUC1921; trpE fusion with intron- This work
deleted chloroplast rpoC1 gene

pATH303 pATH3 + 2.8-kb Clal-Kpnl fragment from pUC1928; trpE fusion with This work

chloroplast rpoCI containing intron

ous restriction enzymes. Enzymes were purchased from
Boehringer Mannheim Biochemicals and used according to
the manufacturer’s instructions. Agarose gel electrophoresis
and Southern blotting onto GeneScreen Plus membrane
(DuPont-NEN Research Products) were done by standard
methods (27). Hybridizations and washes were carried out
according to the GeneScreen Plus product guide. Heterolo-
gous hybridizations and washes were done at 60°C.

The 1.3-kb EcoRI-HindlIll fragment containing part of the
rpoB gene was isolated from Anabaena sp. strain PCC 7120
chromosomal DN A by making a two-step size-directed DNA
library. A 100-pg sample of DNA was first digested with
EcoRI and separated on an agarose gel. Fragments of 5.8 to
6.8 kb were isolated and digested with HindIII, and frag-
ments of 1.0 to 1.5 kb were recovered. This DNA was ligated
with pBR328, which had been digested with EcoRI and
HindIIl, and then used to transform E. coli MC1061.
pKH100 was identified by screening the resultant plasmid
miniprep DN As by Southern blotting and hybridization with
the E. coli 2.8-kb rpoB fragment. The 1.3-kb insert of
pKH100 was used to probe two libraries of Anabaena sp.
strain PCC 7120 chromosomal DNA in the cosmid vector
pWB79 (5). The libraries were made from partial digests of
the chromosomal DNA with either Cpfl or HindIIl and

contained inserts in the range of 31 to 45 kb (5). Homologous
hybridizations and washes were done at 65°C.

Subcloning and expression of rpo genes in E. coli. Smaller
fragments were subcloned from the cosmid pID9 into
pT7tet18 or pT7tetl9 (4) for expression of proteins in E. coli.
After restriction enzyme digestion of pID9, fragments were
prepared by separation on an agarose gel followed by
electrophoresis onto an NA-45 DEAE membrane (Schlei-
cher & Schuell) and elution at 68°C with high-salt buffer (1 M
NaCl, 20 mM Tris [pH 8], 0.1 mM EDTA). The 11.4-kb Xbal
fragment was ligated into the Xbal site of pT7tet18 to make
pT181 and pT182, which have the fragment in opposite
orientations. The 2.8-kb HindIII-Kpnl fragment was cloned
into the HindIIl and Kpnl sites of pT7tetl8 and pT7tetl9 to
make pT185 and pT195, which have the fragment in opposite
orientations with respect to the T7 promoter. The plasmids
were used to transform E. coli BL21(DE3)pLysS (42), and
the strains were grown on LB medium (27) containing 10 pg
each of chloramphenicol and tetracycline per ml. For prep-
aration of proteins, the strains were grown overnight in 5 ml
of LB containing chloramphenicol and tetracycline and then
diluted 1:100 into 30 ml of fresh medium. The cultures were
grown at 37°C with shaking to an optical density at 600 nm of
0.4; 1 ml was removed, and isopropyl-g-D-thiogalactopyran-
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oside (IPTG; Sigma Chemical Co.) was added to a final
concentration of 0.5 mM. Following a further 60-min incu-
bation at 37°C with shaking, the bacteria were collected by
centrifugation and resuspended in 100 pl of distilled H,O.
Then 100 pl of 2X final sample buffer (25) was added, and the
samples were boiled for 3 min. Sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis was performed as
described by Laemmli (25), with a 10% separating gel and a
4.5% stacking gel; 50 pl of each sample was loaded per gel.

Western blot analysis was carried out essentially as de-
scribed by Tortorello and Dunny (43). Electrophoretic trans-
fer of proteins to nitrocellulose was done in 20 mM Tris
base-150 mM glycine-20% methanol at 70 V overnight.
Antibodies to Anabaena sp. strain PCC 7120 core RNA
polymerase and the vy subunit were previously described
(36). Blots were developed by using goat anti-rabbit immu-
noglobulin G-horseradish peroxidase conjugate (Cappel) and
4-chloro-1-naphthol (Sigma Chemical Co.).

DNA sequence analysis of rpoCI. The DNA sequence of
both strands of the 2.8-kb HindIII-Kpnl fragment in pT185
was determined. DNA sequencing was done by the method
of Sanger et al. (35), using plasmid DNA templates and a
Sequenase kit (United States Biochemicals Corp.). [a->°S]
dATP (1,350 Ci/mmol) was purchased from New England
Nuclear. Templates were prepared from miniprep plasmid
DNA according to Kraft et al. (24). Nested deletions for
sequencing were generated from pT185, previously digested
with either HindIIl or Kpnl, using BAL 31 exonuclease
(New England BioLabs). The method was essentially that of
Heinrich et al. (15) except that the deleted fragments were
isolated from an agarose gel by electrophoresis onto an NA-
45 membrane (see above) and then recloned into pUC18 or
pUC19 for sequencing with the universal M13/pUC 17-mer
forward sequencing primer. DNA sequence data were ana-
lyzed by using the DNAlysis program written by William
Buikema for the Apple Macintosh and the sequence software
package from the University of Wisconsin Genetics Com-
puter Group.

Expression of the spinach chloroplast rpoC1 gene. The
2.8-kb HindIII-Scal fragment containing the spinach chloro-
plast rpoCI gene was isolated from pSocS4 (19) and ligated
into the HindIII and Smal sites of pUC19 to make pUC1928.
pSocS4 DNA was a gift from G. Hudson. The 2.8-kb
HindIII-Kpnl fragment from pUC1928 was isolated and
ligated into the HindIII and Kpnl sites of M13mp19 to make
mpl928. The 756-bp intron of the chloroplast rpoCl gene
was precisely deleted from mp1928 by using an oligonucle-
otide-directed in vitro mutagenesis kit purchased from Am-
ersham. The oligonucleotide used to create the deletion was
a 32-mer, with a 16-base arm on either side of the sequence
to be deleted. This oligomer had the sequence 5'-GCCTAG
CAAATGAAAAATCGCAGTATACTAGG-3’ and was com-
plementary to nucleotides 5412 to 5427 and 6184 to 6199 of
the DNA sequence of the spinach chloroplast rpoBCIC2
region reported by Hudson et al. (19). The precision of the
deletion in mp1921 was verified by sequence analysis using a
17-base primer (5'-AGGATTGGATTTCATAT-3’) comple-
mentary to nucleotides 6246 to 6262 of the sequence of
Hudson et al. (19).

The 2.1-kb HindIII-Kpnl fragment from mp1921 was iso-
lated from a miniprep of the phage replicative-form DNA
and cloned into the HindIII and Kpnl sites of pUC19 to make
pUC1921. To put the chloroplast rpoCl gene in the same
translational reading frame as the trpE gene in pATH3 (23),
the rpoC1 genes in pUC1921 and pUC1928 were isolated on
Clal-Kpnl fragments and cloned into the BamHI site of
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pATH3. The Clal end was filled in by using Klenow poly-
merase (Pharmacia), and the Kpnl end was made blunt by
using T4 DNA polymerase (Boehringer Mannheim Biochem-
icals). The BamHI ends of the vector were likewise filled in
by Klenow polymerase and then treated with alkaline phos-
phatase (Boehringer Mannheim Biochemicals) to prevent
religation. Following transformation into E. coli MC1061,
the orientations of the inserts were verified by restriction
digestion. pATH302 and pATH303 contain the 2.1- and
2.8-kb Clal-Kpnl fragments from pUC1921 and pUC1928,
respectively.

A trpE fusion with the Anabaena sp. strain PCC 7120
rpoCl gene was formed by cloning a 2.1-kb XmnI-Kpnl
fragment from pT18S into the filled-in BamHI site of pATH3.
The Kpnl end of the fragment was made blunt with T4 DNA
polymerase, and the resulting plasmid with the insert in the
proper orientation is pATH301.

Expression of fusion proteins in E. coli was carried out as
follows. Cultures of MC1061 containing the pATH3 plasmids
were grown overnight in M9 medium (27) with 0.5%
Casamino Acids (Difco), 50 pg of ampicillin per ml, and 20
ug of tryptophan per ml. The cultures were diluted 1:10 into
5 ml of fresh medium without tryptophan in a 125-ml
Erlenmeyer flask and incubated at 30°C with shaking for 1 h.
Then 25 pl of a 2-mg/ml solution of 3-B-indoleacrylic acid
(Sigma Chemical Co.) in ethanol was added (final concentra-
tion, 10 pwg/ml), and the cultures were grown for 2 h at 30°C.
One milliliter of each culture was pelleted by centrifugation
and resuspended in 25 pl of distilled H,O. An equal amount
of 2x final sample buffer was added, and the samples were
boiled for 5 min; 20 ul of each sample was loaded on an
SDS-polyacrylamide gel, and the gel was blotted to nitrocel-
lulose as described above.

Nucleotide sequence accession number. The nucleotide
sequence reported in this paper has been assigned GenBank
accession number M60831.

RESULTS

Cloning of the rpoBCIC2 region. RNA polymerase is a
highly conserved enzyme, with extensive homology shared
between the largest subunits of the enzyme in archaebacte-
ria, eubacteria, and eukaryotes (1, 3, 32, 36, 49). We have
used DNA encoding the B and B’ subunits of RNA polymer-
ase in E. coli (the rpoB and rpoC genes, respectively) as a
heterologous probe to isolate the analogous genes from
Anabaena sp. strain PCC 7120. A Southern blot of Ana-
baena sp. strain PCC 7120 chromosomal DNA digested with
various restriction enzymes was probed with fragments of
the E. coli rpoB (Fig. 1A) and rpoC genes (not shown). Both
probes hybridized to an 11.4-kb Xbal fragment and a 6.4-kb
EcoRI fragment. Rather than using these probes directly to
screen two available cosmid libraries for the Anabaena rpoB
and rpoC genes, our plan was to isolate a piece of Anabaena
DNA to use as a homologous probe, in order to avoid the
problem of background hybridization with the E. coli DNA
present on the cosmid bank filters. Since the results of the
Southern blot suggested that the Anabaena rpoB and rpoC
genes were linked, as a matter of convenience we chose to
use the E. coli rpoB probe to isolate the Anabaena 1.3-kb
HindIII-EcoRI fragment (Fig. 1). To increase the likelihood
of isolating this fragment, we made a size-directed library of
HindIII-EcoRI fragments in pBR328 in two steps (see Ma-
terials and Methods). Minipreps of DNA from the plasmids
were screened by Southern blot analysis using the E. coli
rpoB probe. pKH100 was one of eight plasmids that hybrid-
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FIG. 1. Southern blot of chromosomal DNA from Anabaena sp.
strain PCC 7120 digested with various restriction enzymes. (A)

Probed with a 2.8-kb EcoRI fragment from the E. coli rpoB gene; (B)
Probed with the 1.3-kb EcoRI-HindlIl insert from pKH100.

ized to the rpoB probe out of 215 tested. The 1.3-kb
HindIII-EcoRI insert from pKH100 was used to probe the
Southern blot in Fig. 1B, and the same bands hybridized as
with the E. coli rpoB probe (Fig. 1A). These results indicate
that the rpoB and rpoC genes are present in single copy in
Anabaena sp. strain PCC 7120.

The 1.3-kb HindIII-EcoRI fragment from pKH100 was
used to probe two libraries of Anabaena chromosomal DNA
in the cosmid vector pWB79 (see Materials and Methods).
Seven hybridizing cosmids were identified, and restriction
mapping revealed that they were overlapping and contained
a region of about 12 kb in common, including the 11.4-kb
Xbal and 6.4-kb EcoRI fragments (see Fig. 1). Southern blot
analysis of the cosmid DN As showed that a probe for the E.
coli rpoC gene hybridized to the same Xbal and EcoRI
fragments as the Anabaena rpoB probe, confirming that the
rpoB and rpoC genes are closely linked in Anabaena sp.
strain PCC 7120. One of these cosmids, pID9, containing a
35-kb region of Anabaena DNA, was used for subsequent
experiments.

Expression of RNA polymerase subunits in E. coli. To
verify that the cloned DNA encoded RNA polymerase
subunits, the genes were expressed in E. coli. Restriction
fragments from the cosmid pID9 were cloned into the
expression vector pT7tet18 or pT7tet19 (4), and the resulting
plasmids were used to transform E. coli BL21(DE3)pLysS
(42). This strain contains an inducible T7 RNA polymerase
gene under the control of the lac UVS promoter, and the
plasmid pLysS encodes T7 lysozyme, which inhibits basal
activity of T7 RNA polymerase in the absence of inducer
(IPTG). Upon addition of IPTG, the target gene in the
plasmid is selectively expressed to a high level. After expres-
sion in this system, the Anabaena proteins encoded by the
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FIG. 2. Expression of Anabaena RNA polymerase subunit pro-
teins in E. coli. (A) SDS-polyacrylamide gel stained with Coomassie
blue; (B) Western blot of an identical gel probed with antiserum to
Anabaena core RNA polymerase. Sizes of the molecular weight
standards are given at right (in kilodaltons). Lanes 1 are purified
Anabaena RNA polymerase holoenzyme (panel A, 10 pg; panel B,
3 ng). Lanes 2 to 6 are crude extracts of BL21(DE3)pLysS contain-
ing the following plasmids: 2, pT7tetl8; 3, pT181; 4, pT182; S,
pT19S; 6, pT18S.

plasmids were detected by Western blot analysis using
specific antisera to Anabaena RNA polymerase subunits as
probes (36).

The 11.4-kb Xbal fragment from pID9 was subcloned into
pT7tetl8 to produce pT181 and pT182, which had the insert
in opposite orientations. The results of expressing the pro-
teins from these plasmids in E. coli are shown in Fig. 2. In
the stained gel, proteins with the same relative mobilities as
the y, 8, and B’ subunits are clearly visible (Fig. 2A, lanes 3
and 4). The corresponding Western blot shows that the same
proteins are bound specifically by antiserum to Anabaena
core RNA polymerase (Fig. 2B, lanes 3 and 4). The E. coli B
subunit cross-reacts strongly with the anticore serum (36)
and is visible in each lane. Similar amounts of the v, B, and
B’ proteins are produced from pT181 and pT182, and the
proteins are also made in the absence of IPTG (data not
shown). This finding suggests that expression of the proteins
from these plasmids is independent of the T7 promoter and is
directed by an Anabaena promoter(s) on the Xbal fragment.
The B’ protein made from pT181 is slightly smaller than the
native B’, and DNA sequencing has shown that the rpoC2
gene encoding B’ extends 215 bp past the end of the Xbal
fragment (3a). The B’ protein produced by pT182 is larger
because of translational read-through into the vector se-
quences.

To localize the genes encoding the various subunits,
smaller fragments were subcloned from the 11.4-kb Xbal
fragment. By screening Western blots of proteins expressed
by the subclones with antibodies to the vy subunit and the 8
plus B’ subunits of RN A polymerase, the organization of the
genes was deduced (Fig. 3). For example, the 7.4-kb Xbal-
Kpnl fragment produced the B and vy proteins, while the
6.4-kb EcoRI fragment made vy and a truncated B’ peptide
(data not shown). A 4.6-kb HindIII fragment internal to the
EcoRI fragment encoded vy and a smaller truncated B’ (data
not shown). Finally, a 2.8-kb HindIII-Kpnl fragment, cloned
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FIG. 3. Map of the rpoBCIC2 region. The 11.4-kb Xbal fragment
from pT181 and pT182 is shown. The rpoCI gene, encoding v, is in
bold. The rpoC2 gene extends beyond the Xbal site at right. The
arrow denotes direction of transcription. Restriction fragments
subcloned into pKH100, pT185, and pT195 are shown below (thick
lines). Restriction enzyme sites: X, Xbal; H, HindIll; R, EcoRlI;
Xm, Xmnl; K, Kpnl.

in opposite orientations in pT7tetl8 and pT7tetl9 to make
pT18S and pT19S, produced only vy (Fig. 2, lanes S and 6).
These experiments established that the genes for the B, v,
and B’ subunits are arranged in the order rpoB, rpoCl,
rpoC2. The gene for the B subunit is called rpoB because of
homology with the E. coli rpoB gene. The genes for -y and B’
of Anabaena sp. are called rpoCl1 and rpoC2, respectively,
because it appears that the functions of the E. coli B’ subunit
are split in Anabaena sp. between the y and B’ subunits (see
Discussion). In Fig. 2, note that synthesis of the -y subunit is
directed by both pT185 and pT195, but vy is more highly
expressed from pT195 (lanes 5). In general, the fragments
subcloned from the 11.4-kb Xbal fragment directed the
synthesis of more protein in one orientation than the other,
which established that the direction of transcription is from
left to right on the map in Fig. 3.

DNA sequence of the rpoCI gene. The DNA sequence of
the 2.8-kb HindIII-Kpnl fragment was determined and is
shown in Fig. 4. Starting at the HindIII site, there is part of
an open reading frame encoding a 165-amino-acid peptide
70% homologous to the carboxy-terminal end of E. coli B.
This is the end of the rpoB gene. After a 133-bp intergenic
space, another open reading frame of 1,875 bp follows,
encoding a 625-amino-acid protein with a molecular weight
of 70,562. The sequence of the N-terminal five amino acids
of purified vy protein was determined at the Harvard Univer-
sity Microchemistry Facility, and the results confirmed the
start of this open reading frame as the start of y. A third open
reading frame begins 100 bp after the end of rpoCl. It
encodes a 63-amino-acid peptide which is about 28% identi-
cal to a region beginning in the C-terminal half of E. coli B’.
This is most likely the start of the rpoC2 gene. The rpoC2
gene is preceded by a DNA sequence that has a good match
to a Shine-Dalgarno ribosome binding site. The match is not
as good with the corresponding sequence preceding the start
of rpoCl.

Homology of the y subunit with RNA polymerase subunits
from other organisms. The +y subunit of Anabaena RNA
polymerase corresponds to the amino-terminal 590 amino
acids of the B’ subunit of E. coli RNA polymerase, with
about 60% identity at the amino acid level. There is approx-
imately 96% identity between the y subunits of Arnabaena
sp. strain PCC 7120 and the closely related cyanobacterium
N. commune UTEX 584. Plant chloroplasts contain an
analogous RNA polymerase subunit (') (19, 20, 38). The
spinach chloroplast B’ is about 44% identical to Anabaena v.
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An alignment of the amino acid sequences of these proteins
indicating conserved regions is shown in Fig. 5. The align-
ment revealed significant similarity with four sequence
blocks, A to D, which have been found to be conserved
among the largest subunits of eukaryotic RNA polymerases
(21). A potential zinc finger motif is also present and will be
discussed below.

Expression of the spinach rpoCI gene in E. coli. The
antibody to Anabaena vy has been used to demonstrate the
presence of a related RNA polymerase subunit in over 30
different cyanobacteria, representing each of the five major
taxonomic subgroups (4a, 36). We were interested in deter-
mining whether this antibody would also cross-react with an
analogous chloroplast protein. Previous attempts to screen
crude extracts of chloroplast proteins by Western blotting
were unsuccessful (35a). Therefore, our approach was to
express a cloned chloroplast rpoCI gene in E. coli. The
spinach rpoCl gene contains a 756-bp group II intron be-
tween the codons for amino acids 144 and 145. Group II
introns have been shown to be self-splicing only in certain
cases (28), so to facilitate expression of the gene in E. coli,
the intron was precisely deleted by using oligonucleotide-
directed in vitro mutagenesis (see Materials and Methods).
The gene with the intron deleted was not expressed when
cloned in either pUC19 or pT7tet19, so a translational fusion
was made with the truncated E. coli trpE gene in the vector
pATH3 (23). This vector was chosen because it allows
high-level inducible expression of fused proteins under con-
trol of the strong trp promoter and translation initiation
region. The fusion removed only the first two amino acids of
the chloroplast B’ subunit, and when joined with the rpE
fragment of 37 kDa, a fusion product of about 115 kDa was
expected (pATH302). As a control for expression, a fusion
was also made to the Anabaena rpoCI gene. The first 21
amino acids of y were removed, and the expected size of the
fusion product was about 105 kDa (pATH301). A fusion was
made with the undeleted chloroplast rpoCI gene as well, to
determine whether self-splicing of the intron occurs in E.
coli(pATH303).

The results of protein expression from the pATH plasmids
are shown in Fig. 6. The stained gel (Fig. 6A) shows that
from each plasmid a major polypeptide product was synthe-
sized. The vector produced the 37-kDa truncated trpE
protein (lane 1), while pATH301 and pATH302 produced
fusion proteins of the expected sizes (lanes 2 and 3). The
strong band of about 53 kDa made from pATH303 in lane 4
results from translation of only the first exon of the intron-
containing chloroplast rpoCI gene. The plasmid with the
intron deleted (pATH302) consistently made less fusion
product than the other constructions. The reason for the
lowered expression is unclear, but it may be due to problems
with codon usage or protein degradation.

The corresponding Western blot (Fig. 6B) shows that the
fusion protein made by the intron-deleted plasmid pATH302
does cross-react with the anti-y serum (lane 3). In lane 4, a
weak reaction of the antibody with the product of the first
exon of the chloroplast gene is apparent. A larger protein of
the size predicted for the fusion of full-length B’ is not
present in this lane, indicating that self-splicing of the intron
probably does not occur in E. coli or does so inefficiently.

DISCUSSION

We have isolated the genes for the three largest subunits of
Anabaena sp. strain PCC 7120 RNA polymerase. The genes
are linked in the order rpoB, rpoCl, rpoC2 and encode the 8,
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AAGCTTTTGACCGACCAGTAACTATCGGCGTAGCTTATATGCTGAAACTCGTACACCTAGTAGACGATAAGATTCACGCCCGTTCTACAGGCCCTTACTCCTTGGTGACTCAGCAACCAT
A F DRPVTIGVAYMIULIEKTILUVHTLVDUDI KTIUHARSTGUZPYSLVTAOQOQUZPIL
TGGGTGGAAAAGCCCAACAAGGTGGTCAGCGCTTCGGGGAAATGGAAGTCTGGGCATTGGAAGCCTTCGGTGCAGCTTATACCTTGCAGGAACTGCTAACTGTGAAATCAGACGATATGC
G G K AQOQGGOQRTFGEMEVUWALEA RAMTFGAAYTULOQETLILTVIKSDTUDMDZ O

AGGGACGGAACGAAGCATTAAATGCGATCGTTAAAGGCAAGGCTATTCCTCGACCGGGAACACCAGAATCCTTCAAGGTATTGATGCGAGAGCTGCAATCCTTGGGGTTAGACATTGCTG
G R NEALNATIVIKSGI KA ATIZPRZPGTUZPEST FI KV VILMRBRETITLUGQSTULGTLUDTIA AWV

TACATAAAGTAGAAACCCAAGCTGATGGTAGTTCCCTGGATGTCGAAGTCGATTTAATGGCAGACCAATTAGCTCGCCGTACACCACCCCGACCAACCTACGAATCGCTATCCCGCGAAT
H K V ETOQADGS S LD VEVDILMAD QLA ARIRBRTUZPZPIRUPTYUESTULSURE S
CCTTGGACGATGATGAATAGAGATGACTGTAGCGCTAGCGGGGTATTTAGCCCCTGCCGAGTGCTGAGGATAAAAACTCAGTACTCATACCTGACAAATTTCTTGATTCATAACTTTTAA
L DDDE *
CTGAATACTTTACTCAGAACTCAGCACTTAAGTATGAGACCCGCCCAAACTAATCAGTTTGACTACGTTAAAATCGGCTTGGCATCACCAGAACGTATTCGCCAATGGGGTGAGCGTACA
M R P A QTNOQVFD YV KTIGLASUZPETRTIRUOQWGETRT
TTACCTAATGGTCAGGTCGTAGGTGAAGTCACCAAACCAGAAACGATTAATTACCGGACTCTCAAGCCTGAAATGGATGGCTTATTTTGTGAGCGCATTTTTGGCCCCGCGAAAGATTGG
L PNGGQUVV GEVTIXKZPETTINYRTLIKZPEMDGTLTFTZ CEZRTITFTGZPATIKT DWW
GAATGCCATTGCGGTAAGTATAAGAGAGTCCGCCATAGAGGCATTGTCTGTGAGCGTTGTGGCGTGGAAGTTACCGAGTCACGGGTACGCCGTCACCGCATGGGGTACATTAAACTCGCT
E CHCGIKY KRUVRHRGTIVCEU RTCGVETVYVTESU RVYVRERRHRMGT<YTIIKTLA
GCCCCAGTAGCCCACGTTTGGTATCTCAAAGGGATTCCTAGCTATATTTCTATTCTGCTAGATATGCCTTTGCGGGATGTGGAGCAGATTGTCTATTTCAACTCTTATGTTGTTCTCAGT
A P VA HUV W YULKGTIU®PSsS Y I s IULULDMPLURDYVET G QTIUVYT FNSYUVVL S
CCCGGTAATGCCGAAACCCTAACCTACAAGCAGCTACTGAGTGAAGATCAATGGTTAGARATTGAAGACCAAATCTATAGTGAAGATTCTCAATTGCAAGGTGTAGAGGTAGGTATCGGT
P G N A ETUL T Y KOQULULSEDUO QUWILETIEUDUGQTIYSEDSOQLAOQ@GVETUVGTISG
GCTGAAGCACTGTTGCGCTTGCTGGCTGATATTAATTTAGAGCAAGAAGCGGAAAGTCTACGGGAAGAAATTGGCAGTGCTAAAGGACAAAAACGAGCAAAACTTATTAAGCGCCTGCGG
A EALVLURULTULADTINILEUG OE R AESTULRETETIGSAIKSGU QI KT R AIKITLTIIKTR RTILR
GTAATTGATAACTTCATCGCTACCGGTTCTAAGCCAGAGTGGATGGTGATGACAGTGATTCCTGTAATCCCTCCAGATTTGCGCCCAATGGTGCAGTTAGATGGTGGACGGTTTGCTACC
VI DNTFIA AT G S KPEWMVMTUVIPVIPZPUDILRTPMYVOQLDGG GHRTFA AT
AGTGACTTGAATGATT TATATCGTCGGGTAATTAACCGGAATAATCGTTTGGCACGACTGCAAGAGATTCTTGCACCGGAAATTATCGTGCGGAACGAAAAGCGGATGCTGCAAGAAGCA
$ DL NDIULYR RIRVYVINIRNNDNIPRILARILGQETITLAPTETITIUVRNEITIKTIRMLZGQTEA-
GTAGACGCTTTGATTGACAACGGTCGTCGGGGACGTACTGTGGTTGGGGCAAACAACCGACCCCTAAAATCTTTATCAGACATTATTGAAGGTAAGCAAGGACGTTTCCGGCAAAACTTG
VDAL TIDNGRRGRTUVVGANNRTEPILIKSILSDTITIETGI KU QGRT FURUOQNL
TTAGGTAAACGGGTTGACTACTCTGGACGTTCTGTAATTGTGGTCGGGCCAAAGCTGAAAATTCACCAGTGCGGCTTGCCCAGAGAAATGGCAATTGAACTATTCCAGCCATTTGTCATT
L G KR VDY S GRS VIVVGPIKILIEKTIMHAO QT CGTLUZPREMATIETLTFUOQZ®PTFUVI

AATCGTCTGATTCGCAGTGGCATGGTGAATAACATCAAAGCTGCGAAAAAGTTAATCTCTCGCAATGACCCCAGTGTTTGGGATGTCCTGGAAGAAGTGATTGAAGGACACCCAGTCATG
N R L I R S G MV NNVNTTIIKAAKIKILTISU RNDUZPS YV WD VLETETVTIETGUHTZPUVM
CTTAACCGTGCGCCTACCCTACACCGTTTGGGTATTCAGGCTTTTGAACCAATTTTGGTGGAAGGTCGAGCCATTCAACTCCACCCCTTGGTGTGTCCTGCATTTAACGCTGACTTTGAC
L NRAPTTULUHR RLGTIOQATFEZPTIULVETGRAIOQLMHZPTILVCZPATFNADTFD

GGCGACCAAATGGCAGTACACGTCCCCCTATCCTTGGAAAGCCAGGCAGAAGCAAGGTTGTTAATGCTTGCTTCCAACAATATCCTCTCACCAGCTACAGGTAGACCAATTATCACACCT
G D OQMAVHVPLSLESQAEARILILMLASNNITLSUPATSGHRUZPTITITFP

AGCCAAGACATGGTAT TGGGGGCTTATTACCTAACTGCGGAAAACCCAGGTGCTACCAAAGGTGCGGGTAAGTATTTTGCTTCTCTGGATGACGTGATTATGGCCTTCCAGCAAGAGCAA
S Q DM VL GA Y Y LT AENUZPGA ATI KSGA AGIKTYTFASTLUDUDUVIMATFGQOQEQ

ATTGACTTACACGCTTATGTCTACGTGCGGTTTGATGGTGATGTAGAATCTGACCAACCAGATACAGAACCTGTGAAGGTGACAACTAACGAAGATGGTAGCCGGACTGTACTATATAAG
I DLHAYVYVRTFDGDVESDUO QPUDTETZ PVI KV VTTNEUDTGSUZ RTUVILYK
TACCGCCGAGTCAGGGAAGACGCTCAGGGAAATGTAATT TCTCAGTATATATACACCACTCCAGGTCGCGTTATTTACAATAAAGCGATTCAAGAAGCACTTGCCAGTTAGTTAAGAGTC
Y R R VREUDA AQGNUVISOQYTIZYTTZ®PUGRUVIYNIKATIGOQEM RALAS*

CAAAGTGAATAGTCCATAGTTAATCGCAATAACTAGGGACTATTCACTAATGGCTAATGACTAATGACCAACGACAAAGGACTAATGACTAATGACTAACGAAAAGATGATTTTTCGCAA
M T N E KM IV FRN

TCGCGTCGTTGACAAAGGTCAACTGAGAAATTTGATTTC TTGGGCGTTTACCCATTATGGAACGGCGCGTACCGCAGTGATGGCGGATAAGTTGAAGGATTTAGGCTTTCGCTATGCTAC
R V VDK G QULRNVNIULTISWAFTMHYGTARTA AVMADIKILIKDILGTFU RYA AT
CAGAGCCGGGGTTTCCATCAGTGTTGATGACTTGATGGTACC
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FIG. 4. Nucleotide and derived amino acid sequences of the Anabaena sp. strain PCC 7120 rpoCI gene. Nucleotide numbers are at left;
amino acid numbers of the +y protein are at right. The end of the rpoB reading frame extends from nucleotides 1 to 497. The rpoC2 reading
frame begins at nucleotide 2612. Potential ribosome binding sites are underlined.

v, and B’ subunits, respectively. The predicted molecular
sizes of y (70 kDa) and B (124 kDa) agree with previous
estimates (37), but the B’ subunit is predicted to be slightly
smaller (159 kDa) than the 171 kDa reported. The genes are
colinear with the rpoB and rpoC genes of E. coli, but
homology to the B’ subunit of E. coli is divided between two
genes, rpoCl and rpoC2. The same split in the rpoC gene is

present in the cyanobacterium N. commune UTEX 584 (47)
and in plant chloroplasts (19, 20, 38). While the organization
of the cyanobacterial and chloroplast rpoBCIC2 genes re-
sembles the rpoBC operon of E. coli, the Anabaena and
chloroplast genes do not lie distal to any ribosomal protein
genes (3a, 19, 20). The regulation of expression of the
Anabaena rpoBCIC2 genes is not yet clear, but it must be
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FIG. 5. Alignment of the predicted amino acid sequences of several RNA polymerase y and 8’ subunits. Included are the -y proteins from
Anabaena sp. strain PCC 7120 (An) and N. commune UTEX 584 (47) (Nc) and the B’ proteins from spinach chloroplast (19) (So) and E. coli
(31) (Ec). The comparison covers the first 625 amino acids of the E. coli B’ subunit. Amino acid numbers of the proteins are at right. Residues
in lowercase letters (Nc¢, amino acids 77 to 90 and 118 to 132) differ from the published sequence; these residues were in an alternate reading
frame, indicative of possible sequence errors. An asterisk denotes amino acid identity, while a dot represents a conservative substitution. The
position of the intron in the spinach sequence is marked by a filled triangle. The eukaryotic homology blocks A to D (21) are indicated, with
dashes representing gaps in the eukaryotic consensus. A potential zinc finger motif is overlined, with vertical lines denoting conserved
cysteines. Alignments were made by using the Clustal program for generating multiple sequence alignments (17).
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FIG. 6. Expression of the spinach chloroplast rpoC1 gene in E.
coli as a fusion protein. (A) SDS-polyacrylamide gel stained with
Coomassie blue. Sizes of molecular weight standards are given at
left (in kilodaltons). (B) Western blot of an identical gel probed with
antiserum to the Anabaena v subunit. Samples were crude extracts
of MC1061 containing the following plasmids: lanes 1, pATH3; lanes
2, pATH301; lanes 3, pATH302; and lanes 4, pATH303. Positions of
the fusion proteins are at the right (An vy is Anabaena v; cp B’ is
chloroplast B’ protein).

different from that in E. coli, in which the rpoBC genes are
transcribed from an upstream ribosomal protein gene pro-
moter (9).

We have shown that the rpoCl gene of spinach chloro-
plasts can be expressed in E. coli and that it encodes a
protein immunologically related to Anabaena . The gene is
expressed in E. coli only if the 756-bp group II intron is
deleted. This finding suggests that the intron either is not
self-splicing or is inefficiently spliced in E. coli. The rpoA,
rpoB, and rpoC2 genes of various plant chloroplasts have
previously been shown to produce protein products (18, 33,
34), but this is the first demonstration of a protein expressed
from a chloroplast rpoCI gene. The failure of previous
attempts to detect a protein related to vy in crude extracts of
chloroplasts is not due to a lack of cross-reactivity with the
anti-y antibody, but rather to a low abundance of the protein
in the extracts. Since anti-y does indeed cross-react with the
product of the spinach rpoCl gene, it may prove to be a
useful tool for the study of chloroplast RNA polymerase.

The cyanobacterial v and chloroplast B’ subunits are
homologous to the amino-terminal half of the E. coli B’
subunit (this study; 19, 20, 47). Four regions of similarity
correspond to eukaryotic consensus homology blocks A to
D, which are conserved among the largest subunits of
eukaryotic RNA polymerases (21) (Fig. 5). The most striking
regions of sequence similarity surround the GKRVD motif in
block C (y amino acids 351 to 355) and the NADFDGD motif
in block D (y amino acids 465 to 471). The latter represents
the longest conserved region which is universally present in
all of the largest subunits of eukaryotic RNA polymerases
(22). The function of these regions is unclear, but the high
degree of conservation implies that they identify domains of
functional importance. It has been suggested that region C
has segments which make up a helix-turn-helix motif similar
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FIG. 7. Arrangement of the genes encoding the largest subunits
of RNA polymerase in eubacteria, cyanobacteria, plant chloro-
plasts, and archaebacteria. Shown are the genes from E. coli (31),
Anabaena sp. strain PCC 7120 (this study), spinach chloroplast (19),
and M. thermoautotrophicum (3). Genes are aligned with respect to
the start of the B’-like sequences. Protein products are indicated
above each gene. Triangle below spinach chloroplast B’ indicates
position of the intron. Shaded boxes represent conserved homology
blocks A to F (21).

to a region in E. coli DNA polymerase I thought to be
important for DNA binding (1). However, a computer search
for a helix-turn-helix motif in the y protein by using the
method of Dodd and Egan (8) did not predict such a structure
in this region.

Another conserved region that may be functionally impor-
tant is a cysteine-rich region located just upstream of block
A. As noted by Hudson et al. (19) for spinach chloroplast g’,
there are four cysteine residues within 22 amino acids that
could possibly form a zinc-binding pocket. RNA polymerase
is a zinc-containing enzyme, and the B’ subunit of E. coli
RNA polymerase contains at least one of the two Zn(ID)-
binding sites (29, 46). The E. coli B’ subunit is also thought
to be involved in binding the DNA template (13). Therefore,
this motif could be analogous to a C,-type zinc finger
structure, implicated in DNA binding by eukaryotic tran-
scription factors (10, 41). The prokaryotic motif C-X-C-X,,-
C-X,-C does not perfectly match the eukaryotic C,-type
consensus C-X,-C-X,;-C-X,-C. However, it has been pro-
posed that sequence differences among zinc fingers may
reflect variations on a common structural theme, allowing a
diversity of functions and an alteration or relaxation of DNA
sequence specificity (12, 20). Alternatively, it is possible that
the putative zinc-binding region functions catalytically in
transcription or plays a structural role in maintaining the
proper subunit arrangement of the enzyme (21, 46).

In the archaebacteria, homology to E. coli B’ is also split
between two subunits, A and C. In some cases, the homol-
ogy to B is split as well. The genes for these subunits are
linked and colinear with the corresponding eubacterial and
chloroplast genes (Fig. 7) (3, 32, 49). Serological studies
have shown that antiserum to Anabaena vy cross-reacts with
the A subunit of Sulfolobus acidocaldarius (36). A compar-
ison of the amino acid sequences of v and the A subunit of
Methanobacterium thermoautotrophicum (3) revealed only
about 18% identity (data not shown), but homology with the
major conserved regions A to D, as well as a zinc-binding
motif, was clearly present. However, the y and A subunits
differ in the extent of the region of sequence similarity
spanning E. coli B'. The vy subunit corresponds to the first
one-half of E. coli B’, while the A subunit is homologous to
approximately the first two-thirds of B’ (32), including con-
served homology block F (21) (Fig. 7). Block F is not present
in y or chloroplast B’ but is found in the chloroplast B”
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protein instead. Most likely it will also be found in the
Anabaena B’ subunit when the sequence of the rpoC2 gene
is completed. Thus, the sequence homologous to E. coli B’ is
divided at a different location in archaebacteria than in
cyanobacteria and chloroplasts. What can be said about the
structure of the ancestral RNA polymerase B’ subunit? It
might have consisted of a single polypeptide whose gene
split in different places during the evolution of the cyano-
bacterial and archaebacterial lineages. Alternatively, either
of the split genes might have fused to give rise to the
ancestor of the contemporary rpoC gene of other eubacteria.

The gene organization and subunit structure of RNA
polymerase may be useful in establishing phylogenetic rela-
tionships between organisms. Comparisons of rRNA se-
quences have been used for this purpose (14, 45), but RNA
polymerase may provide a good alternative because it is
ubiquitous, highly conserved, and a complex macromolecule
(32). Archaebacterial RNA polymerases have a more com-
plex component pattern than their eubacterial counterparts,
comprising approximately 10 subunits. In structure, they
more closely resemble eukaryotic nuclear RNA polymerases
(32). Studies using the B’-like subunits of RNA polymerases
to determine phylogenetic relationships among archaebacte-
ria, eubacteria, and eukaryotes have found that the archae-
bacteria are a coherent group and are indeed closely related
to the eukaryotic nuclear RNA polymerase II and III lin-
eages (32, 49). In addition, eubacteria and chloroplasts were
found to form another distinct group.

The organization of RNA polymerase genes in chloro-
plasts clearly reflects a prokaryotic operon structure (19).
Likewise, the striking similarity in the RNA polymerase
gene products and gene organizations between cyanobacte-
ria and chloroplasts provides further evidence for a common
evolutionary pathway among cyanobacteria and chloroplasts
and a divergence of this group from the rest of the eubacte-
rial kingdom. The evolution of the B’ subunit of RNA
polymerase supports the endosymbiont hypothesis of cya-
nobacteria as progenitors of plant chloroplasts.
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